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Abstract

The formation of He bubbles in erbium tritides is a significant process in the aging of these
materials. Due to the long-standing uncertainty about the initial nucleation process of these
bubbles, there is interest in mechanisms that can lead to the localization of He in erbium
hydrides. Previous work has been unable to identify nucleation sites in homogeneous erbium
hydride. This work builds on the experimental observation that erbium hydrides have nano-
scale erbium oxide precipitates due to the high thermodynamic stability of erbium oxide
and the ubiquitous presence of oxygen during materials processing. Fundamental DFT
calculations indicate that the He is energetically favored in the oxide relative to the bulk
hydride. Activation energies for the motion of He in the oxide and at the oxide-hydride
interface indicate that trapping is kinetically feasible. A simple kinetic Monte Carlo model
is developed that demonstrates the degree of trapping of He as a function of temperature
and oxide fraction.
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Chapter 1

Introduction

Helium incorporated into a metal or metal hydride either via implantation or radioactive
decay of tritium is in an energetically unstable state. There is a strong energetic preference
for the He atom to either leave the metal or trap at defect sites which are more energetically
favorable than the bulk lattice. Thus a fundamental challenge concerning the behavior
of He incorporated in metal hydrides in general and erbium hydride in particular is the
identification of trap sites that can localize significant amounts of He. Such trapping sites
may be related to the nucleation of He bubbles which is observed to occur at significant He
concentrations. Experimental results on the growth of He bubbles in erbium tritide have
been recently reviewed by Snow, et al [13]. In this report, electronic density functional theory
(DFT) calculations using the Vienna Ab Initio Simulation Package (VASP) will be used to
explore the energetics of one possible trap site for He, namely oxide precipitates. The results
indicate that such precipitates can act as strong trapping sites for He in erbium hydride.

For the case of He in erbium hydride, DFT calculations have been performed by Wixom
et al [14]. In that study, the detailed migration mechanisms for He in the bulk hydride
lattice were addressed. In addition, the energetics of He interactions with various defects in
the arrangement of the hydrogen atoms was examined. In this report, the energetics of the
He in various potential lattice sites in and near oxide precipitates will be presented and the
barriers to the diffusion of the He in and near the oxide precipitates are computed. These
results are incorporated into a kinetic Monte Carlo (kMC) analysis of the trapping of He at
the oxide precipitates.

The energetics are calculated in this report using electronic density function theory which
implements an approximate solution of the quantum mechanical equations for the behaviors
of the electrons in order to determine the energetics of the various defect configurations
and transition paths. The details of the DFT calculations using VASP are presented in the
Appendix.
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Chapter 2

He in Erbium Hydride

While the focus of this report is on the role of oxide precipitates, it is first necessary to
establish the basic energetics of He in the surrounding hydride. For an ideal stoichiometric
ErH2 solid, the Er atoms sit on the sites of a face-centered-cubic (FCC) lattice and the
hydrogen atoms are located at the tetrahedral interstitial sites of the FCC lattice. The
obvious location for the He atom is in the octahedral site of the Er lattice. The computed
energy of the He atom in this site is 1.64 eV. In this context, the He atom energy is taken
relative to the energy of the stoichiometric hydride and a free He atom. Note that this energy
indicates that the He atom in the bulk hydride is at a higher energy state than the free atom
and so has a strong energetic driving force to leave the system. The helium will in practice,
though, largely remain in the lattice. This is indicative of the many traps in the lattice that
prevent its diffusion out of the sample.

It is important to note that the erbium hydride phase exists over a range of hydrogen
concentrations as shown by the phase diagram [10] in Figure 2.1. Excess hydrogen resides
in the octahedral sites, while in the sub-stoichiometric case, the hydrogen deficiency is ac-
commodated by the formation of hydrogen vacancies in the tetrahedral site. This indicates
the potential importance of defects in the hydrogen arrangement.

The interaction energy of He with dilute hydrogen vacancies is computed as follows. First,
the energy and relaxed structure of the hydrogen vacancy is obtained. Next, a He atom is
added either in the octahedral site adjacent to the H vacancy or in the empty tetrahedral site.
The resulting energy difference yields the He atom energy in the vicinity of the H vacancy.
For He in the octahedral site adjacent to the vacancy, the energy is 1.62 eV, which is a minor
reduction from the octahedral site energy in the ideal bulk. In contrast, He is strongly bound
to the H vacancy with an energy of 1.15 eV. Thus the He atom will bind to any H vacancies
with a binding energy of 0.49 eV. This is a substantial trap energy. This indicates that the
thermodynamics and kinetics of He in the hydride will require a treatment that considers
both the He and its interactions with hydrogen vacancies. Various energies and diffusion
barriers associated with the system of He and H vacancies have been determined by Wixom
et al [14]. For this report, it is important to remember the energy of 1.15 eV for the energy
of He in a hydrogen vacancy site in the hydride since this is likely the energy of dilute He in
the hydride lattice.
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Figure 2.1. Erbium-Hydrogen phase diagram
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Chapter 3

He in Erbium Oxide

Parish, Snow and Brewer [12] observed small oxide particles in erbium hydrides, presum-
ably due to the high thermodynamic stability of erbium oxide and the ubiquitous presence
of oxygen impurities in processing environments. Diffraction experiments indicate that the
oxides are coherent with the hydride matrix. The bixbyite structure of the sesquioxide Er2O3

is shown in Figure 3.1 from Mao, et al [9].

This structure can be qualitatively described as an FCC erbium lattice with oxygen
atoms occupying three fourths of the tetrahedral sites. The remaining vacant tetrahedral
sites are arranged in lines along the four different 〈1 1 1〉 directions of the erbium lattice.
The measured lattice constant of this structure is 1.0543 nm [2]. There are two important
features of this structure. First, the structure contains a large number of vacant tetrahedral
sites in the erbium lattice. In the case of erbium hydride, the vacant tetrahedral sites are
energetically favorable sites for the presence of He, which suggests that the vacant tetrahedral
sites in the oxide may also be favorable for occupation by He. Second, the lattice constant
is close to twice that of erbium hydride. The cubic lattice constant for erbium hydride is
0.5129 nm so the lattice constant of erbium oxide is only 2.8% greater than twice the hydride
lattice constant. Since the oxide structure has Er atoms arranged in an approximately FCC
manner, this suggests that the oxide will form coherent precipitates in the hydride consistent
with the experimental observation.

As a first step, the energetics of He in bulk Er2O3 will be determined. The Er atoms
are approximately located on the sites of a face-centered-cubic (FCC) lattice. For an FCC
lattice, there are two types of interstitial sites, octahedral and tetrahedral. In a cubic cell of
the FCC lattice there are eight tetrahedral sites located at (a/4)(1, 1, 1) and four octahedral
sites located at (a/2)(1, 1, 1), (a/2)(1, 0, 0), (a/2)(0, 1, 0), and (a/2)(0, 0, 1) where a is the
lattice constant. In the bixbyite structure, oxygen atoms occupy six of the tetrahedral sites
in each FCC-like cell. The two vacant tetrahedral sites are located along a cube diagonal.
The bixbyite structure can be viewed as eight FCC cells each with two vacant tetrahedral
sites along the cube diagonal. The cells are arranged and the cube diagonals oriented such
that there are periodic chains of vacant tetrahedral sites along the four 〈1 1 1〉 directions.
Due to the incomplete occupation of the tetrahedral sites of the FCC lattice, the Er atom
positions are distorted from their ideal FCC locations. The nature of this distortion allows
for shorter Er-O bonds.There are three logical locations for a He atom in this lattice. One
class of sites is the vacant tetrahedral sites. In the following, these sites will be as denoted as
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Figure 3.1. The cubic bixbyite structure of Er2O3 unit
cell. The cell is composed of eight units each of which is
approximately a cubic face-centered-cubic cell of Er atoms
with 6 O atoms located in tetrahedral sites in each cell. Each
cell also contains two vacant tetrahedral sites that are located
along body diagonals.
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T. The other logical locations for the He are the octahedral interstices of the Er lattice. Due
to the partial occupation by oxygen of the tetrahedral interstices, there are two symmetry-
inequivalent octahedral sites. The first is the octahedral site at the cube center that is
located between two T sites. This site will be denoted O1. The other octahedral sites are
located on the cube edges. There are three such sites in each FCC cube and they will be
denoted here as O2.

The locations of the T sites in the bixbyite structure can be grouped into four classes
depending on the orientation of the row of T sites. The four classes of T sites will be denoted
as A, B, C, and D. The locations of these sites are described in Table 3.1 in units of (a/4)
where a is the lattice constant of the quasi-fcc unit cell (4 Er atoms). Note that these sites
repeat periodically in all three directions with a period of 8.

Table 3.1. Locations of the tetrahedral, T, sites in units
of (a/4) where a is the lattice constant of the quasi-FCC
unit cell (i.e. half the oxide lattice constant) devided into
four classes based on the orientation the the respective T site
rows.

TA [1 1 1] row direction (1,1,1) (3,3,3) (5,5,5) (7,7,7)
TB [-1 1 1] row direction (1,7,3) (3,5,1) (5,3,7) (7,1,5)
TC [1 -1 1] row direction (1,3,5) (3,1,7) (5,7,1) (7,5,3)
TD [1 1 -1] row direction (1,5,7) (3,7,5) (5,1,3) (7,3,1)

The computed energy of a He atom at each of these sites is shown in Table 3.2. Note
that these energies are computed at the (constant) equilibrium volume of the oxide and are
relative to the free He atom. The preferred location is the T site with the O1 site being 0.15
eV higher in energy and the O2 site 0.45 eV higher. Further note that the energy of the He
atom in both the T site and the O1 site is below that of the energy of a He atom in a vacant
hydrogen site of the bulk hydride lattice. Thus they are possible trapping sites.

Table 3.2. Computed energy of a He atom at the tetrahe-
dral, T, and two distinct octahedral sites, O1 andO2.

Site Energy (eV)
T 0.80
O1 0.95
O2 1.25

The underlying physical origin of the preference of the He to sit in the vacant tetrahedral
sites of the oxide compared to a vacant tetrahedral site (hydrogen vacancy) in the hydride
can be understood in terms of the geometry of Er2O3. While the erbium positions form an
approximately FCC lattice, they are in fact displaced from the ideal FCC sites due to the
presence of O atoms in only three fourths of the tetrahedral sites. Further, the strong Er-O
bond pulls the Er atoms towards the O atoms. This has the effect of opening up the vacant
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tetrahedral sites. To make this more quantitative, consider the distance from the center of
the tetrahedral site to the surrounding Er atoms. This distance is 0.222 nm for the hydride
and 0.245 nm for the vacant tetrahedral sites of the oxide. Since the interaction of the He
with the surrounding metal atoms is repulsive, this geometric argument is consistent with
the predictions of the DFT calculations.

This result suggests that He may bind to oxide precipitates. There are a couple of
important questions to be answered, though. First, the above calculation is performed for
the bulk oxide under zero external pressure. In reality, the oxide precipitate is embedded
in the hydride phase that has a somewhat smaller lattice constant. As a result, the oxide
precipitate will be under compression. This is anticipated to increase the He interstitial
energy in the precipitate. The He interstitial energy quoted above is expected to be a lower
bound on the energy of the He interstitial in the oxide precipitate. An upper bound on the
He energy in the precipitate can be obtained by assuming that the lattice constant of the
oxide is fixed at the value of the hydride phase. Since the oxide is stiffer than the hydride
matrix, this will overestimate the compression of the oxide due to the hydride matrix and so
the resulting He interstitial energy will be an upper bound. Calculations of the He interstitial
in pure erbium oxide performed at the hydride lattice constant yield a He interstitial energy
in the vacant tetrahedral, T, site of 0.98 eV. This is still below the energy of the He in a
hydrogen vacancy in the hydride.

A second question is whether there is a strong He-He repulsion between interstitials
residing in nearby sites of the oxide. Such repulsion would limit the amount of He that the
oxide would trap. To address this question, the energy of varying numbers of He atoms in
an oxide unit cell was computed. These computations were performed with two different
boundary conditions, zero pressure and constant hydride phase lattice constant. These
two calculations will again correspond to lower and upper bounds on the energy of the He
interstitials. The energy of the oxide with the He interstitials relative to the energy of the
oxide is plotted in Figure 3.2 as a function of the fraction of the vacant tetrahedral sites.
For He concentrations greater than one, the extra He atoms are located in octahedral sites
of the oxide lattice.

There are various important observations from the data in Figure 3.2. The slopes of
the curves reflect the energy required to add an additional He. For both limits, the energy
is essentially linear up to a concentration of 1. This indicates that there is only minimal
interaction between the He. Thus it should be possible for all of the vacant tetrahedral sites to
trap He. For concentrations greater than 1, the slope increases since the additional He atoms
now occupy the less favorable octahedral sites. For the lower bound (constant pressure) the
slope suggests that the occupation of some of the octahedral sites is still favorable relative to
the energy of the He in a vacant hydrogen site in the hydride. For the upper bound (constant
hydride lattice constant) the slope above 1 indicates that additional He have an energy of
about 1.2 eV which is above the energy for He in the vacant hydrogen site of the hydride.
These results indicate that the oxide can at least trap one He for each vacant tetrahedral site
and possibly some additional He in the octahedral sites. The question of additional trapping
to the octahedral sites will require a more complete treatment of the state of strain of the
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Figure 3.2. The calculated excess energy associated with
adding He atoms to erbium oxide for constant pressure (dia-
monds) and constant hydride lattice constant (squares) plot-
ted as a function of the concentration of He atoms relative
to the number of vacant tetrahedral sites in the oxide. For
concentrations less than or equal to one, the heliums are lo-
cated in T sites and for higher concentrations the additional
heliums are located in O1 sites.
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oxide precipitates.

As a first step towards understanding the stress state in an oxide precipitate, a model
precipitate system has been simulated. A periodic FCC lattice of Er atoms was created.
This system is a 3x3x3 repeat of the FCC cubic cell. In one of the cubic cells, oxygen atoms
are placed in 6 of the tetrahedral sites of the Er lattice with the two vacant sites along the
[1 1 1] direction. This structure corresponds to one of the FCC sub-cells of the bixbyite
structure. In the remainder of the system, hydrogen atoms are placed in the tetrahedral
sites of the erbium lattice consistent with the hydride phase. This models a very small cubic
oxide precipitate of 6 oxygen atoms that is about 0.5 nm on a side. Both the atomic positions
and the overall volume of the cell were relaxed at zero pressure.

The energy of a He interstitial in this model oxide precipitate is somewhat unexpected.
If the He is placed in the center octahedral-like site of the precipitate, O1, the energy is 1.19
eV. This is 0.25 eV higher than for the O1 site in the zero-pressure pure oxide. This increase
is consistent with the constraint on the oxide by the surrounding hydride. The surprising
result is for interstitial energy of the He in the vacant tetrahedral site, 0.76 eV. This is 0.04
eV lower in energy than for the zero-pressure pure oxide. Examination of the erbium atom
locations surrounding this site show that the distance from the center of the site to the
surrounding erbium atoms is 0.249 nm which is 0.004 nm greater than the corresponding
distance in the pure oxide. This suggests that the local relaxations at the oxide-hydride
interface may further favor He trapping, though this effect is rather modest.

The oxide precipitate is also expected to induce strains in the surrounding hydride phase.
To assess the magnitude of that effect, the energy of He interstitials in octahedral sites ad-
jacent to the oxide was computed. The computed energies are 1.48, 1.54 and 1.50 eV for He
located in adjacent octahedral sites located in the [1 0 0], [1 1 0] and [1 1 1] directions, re-
spectively. These energies are all below the value of 1.64 eV for the He atom in an octahedral
site of the ideal hydride. This is consistent with the hydride being locally dilated near the
oxide. It also demonstrates that this dilation is directionally dependent. The energetics of
the formation of hydrogen vacancies and the energetics of helium located in those vacancies
has not yet been determined.
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Chapter 4

He diffusion barriers

DFT nudged elastic band (NEB) calculations were performed using VASP to determine
the migration paths between the available He sites in erbium oxide. First, the transition
paths between two T sites were computed. This included the transition not only between
two T sites located in the same quasi-FCC unit cell along a diagonal, but also between
two nearby T sites located in different diagonal rows. In both cases, it was found that the
transition path traverses through the octahedral sites. The motion of the He interstitial
between T sites within a quasi-FCC unit cell T sites proceeds by the transition T → O1.
Once in the O1 site, the He can either jump back to the original T site or advance to the
other T site in the quasi-FCC unit cell.

The other fundamental transition is T → O2. In this transition, the He atom jumps
from the T site to one of the three O2 sites located on the cell edges closest to the T site.
Once in the O2 site, the He can either return to its original site or jump to a T site that
is located in a different quasi-FCC cell. Note that a detailed examination of the crystal
structure shows that the neighboring cell that has a T site close to the O2 site is the cell
that shares a common face with the original cell. Thus the net result is the motion of the
He atom from one quasi-FCC unit cell to an adjacent cell that shares a common face.

The barriers for these two processes are depicted in Figure 4.1. The energy barrier to
jump from T to O1 is 0.32 eV and the energy barrier to jump from T to O2 is 0.81 eV.
With these barriers, it is expected that a He atom would jump between the two sites in a
quasi-fcc cell on a microsecond time scale at room temperature. Jumps between cells would
be expected to occur on a time scale of tens of seconds at room temperature.

In order to ascertain whether or not oxide precipitates serve as effective traps for helium,
we must examine the barriers to motion across the interface between the hydride and the
oxide. Consider an octahedral site in the interface plane. The two crucial barriers are the
motion of the He atom from this site into the vacant tetrahedral sites of the oxide and
the barrier to reach this interfacial site from an adjacent octahedral site in the hydride.
Figure 4.2 shows the computed barriers as a function of the reaction coordinate for these
two transitions. This is shown as a continuous transition that starts at the octahedral site
of the hydride and ends at the T site of the oxide. The mid-point of this curve corresponds
to the He atom at the octahedral-like site in the interface plane. Note that the rate limiting
step is the motion of the He atom from the octahedral site in the hydride to the site at the
interface plane. From this site the subsequent motion into the T site of the oxide has only
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a very small barrier.
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Figure 4.1. The energy as a function of the reaction coor-
dinate for the motion of the He atom from the T site to the
a) O1 site and to the b) O2 site.
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Figure 4.2. The energy along the He transition path
from an octahedral site in the hydride adjacent to the oxide
through an octahedral site in the interface plane, reaction
coordinate = 0.5, to a vacant tetrahedral site in the oxide.
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Chapter 5

Kinetic Models

The DFT calculations described in the preceding sections provide the input needed to
develop a kinetic Monte Carlo (kMC) model of the diffusion of He in ErH2 with Er2O3

precipitates. A simplified kMC model of the ErH2 + Er2O3 system was constructed by
assuming that each unit cell in the crystalline lattice can be represented by a single site in
the kMC model. Since we are interested primarily in the interaction between He and Er2O3,
this approximation is sufficient for the present purposes. A fully atomic model of the system
is currently being implemented into Sandia’s SPPARKS software [8].

The model system was created using a simple cubic lattice of 256
3

Monte Carlo sites.
(Recall that each Monte Carlo site represents a unit cell of the material.) The desired
fraction of these unit cells were designated randomly as oxide, and the remainder as hydride.
A single helium atom was placed at a random location in the simulation domain, and allowed
to diffuse according to rates based on activation energy barriers from DFT calculations. The
rate of any diffusive “hop” has the form.

r = exp(−Eb

kT
), (5.1)

where r is the rate of the hop, Eb is the energy barrier between the beginning end ending
(ground) states of the hop, k is Boltzmann’s constant, and T is the temperature. The energy
barrier, and therefore the associated rate, are determined based on the phase (hydride or
oxide) that the helium atom is diffusing from and to. These values are shown in Table 5.1.
In cases where more than one viable diffusion path is possible, the rates for each path are
evaluated individually and then summed to produce the total rate of diffusion for that case.
Given this diffusion mechanism, the associated kinetic data - i.e. rates, and the initial
conditions described above - a standard kMC algorithm [1, 3, 4, 5] was applied to simulate
109 diffusive events, i.e. Monte Carlo steps, at oxide volume percentages of 0.01%, 0.05%,
0.1%, 0.5%, and 1%, and temperatures ranging from approximately 250 K to 1050 K. The
residence times of the diffusing helium atom in the two different phases (hydride and oxide)
were calculated, and the results are shown in Fig 5.1. Despite the relatively low oxide
concentrations studied here, the helium diffuser spends the majority of its time trapped in
the oxide phase, except at the lowest oxide concentrations and highest temperatures.
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Table 5.1. Energy barriers for helium diffusion between the
hydride and oxide phases of erbium. Multiple values indicate
more than one viable diffusion path for that case, for which
the associated diffusion rates - see Equ 5.1 - are summed.

PPPPPPPPPFrom
To

ErH2 Er2O3

ErH2 0.49 eV, 0.98 eV [14] 0.69 eV
Er2O3 1.28 eV 0.32 eV, 0.81 eV
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Figure 5.1. The precent of the total simulation time that
the diffusing helium atom spends in the oxide phase, as a
function of temperature, for several oxide volume fractions.
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Chapter 6

Summary

The formation of He bubbles in erbium tritides is a crucial process in the aging of these
materials. The detailed mechanisms underlying the nucleation of these bubbles remain a
mystery. Thus there is interest in understanding the fundamental processes that lead to the
localization of He in erbium hydrides. Previous work did not help identify obvious nucleation
sites in homogeneous erbium hydride.

This work builds on the observation that erbium hydrides have nano-scale erbium oxide
precipitates due to the high thermodynamic stability of erbium oxide and the ubiquitous
presence of oxygen during materials processing. Fundamental DFT calculations indicate that
the He is energetically favored in the oxide relative to the bulk hydride. Activation energies
for the motion of He in the oxide and at the oxide-hydride interface indicate that trapping is
kinetically feasible. A simple kinetic Monte Carlo model is developed that demonstrates the
degree of trapping of He as a function of temperature and oxide fraction. The main result
of this study is that, in the absence of any other trapping sites, He will accumulate in these
oxide precipitates. Thus the oxide may play a role in the initial formation of He bubbles.

While these results point to the potential importance of the oxide precipitates, there are
still significant unanswered questions. While the oxides are coherent in the hydride matrix,
there is a small lattice constant mismatch. This will produce strain fields that can influence
the diffusion of He in the lattice. The presence of additional (as yet unidentified) trap sites
could alter the stability of He in the oxide. In particular, the equilibrium between He in the
oxide precipitates and He in established He bubbles has not yet been determined. Finally,
the process(es) by which He trapped in the oxides might evolve into bubbles is still unknown.
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Appendix A

DFT Calculations

The electronic structure calculations are performed using the Vienna Ab Initio Simulation
Package (VASP) [6]. This is a plane-wave basis implementation of density functional theory
(DFT). These calculations employed the generalized gradient approximation (GGA) with
psuedopotentials of the projector-augmented-wave method (PAW) [7]. The pseudopotentials
are taken from the VASP library. The numbers of valence electrons treated are 9, 6, 2 and 1
for Er, O, He and H respectively. For calculations involving multiple elements, it is important
to use the same energy cut-off for the plane-wave basis. Of the elements considered here, the
hardest psuedopotential (the pseudopotential that requires the most extensive place-wave
basis) is He. The energy cut-off required for He is 600 eV and so that plane-wave cut-off
is used for all calculations reported here. The k-space integrations are performed using
the Monkhorst-Pack integration scheme [11]. The size of the k-space grid depended on the
system considered, but in all cases it was determined that energy differences are converged
to better than 0.01 eV. The nudged elastic band (NEB) calculations were performed using
the algorithm implemented in the VASP code with 16 intermediate configurations.
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